Every polyketide synthase module has an acyl carrier protein (ACP) and a ketosynthase (KS) domain that collaborate to catalyze chain elongation. The same ACP then engages the KS domain of the next module to facilitate chain transfer. Understanding the mechanism for this orderly progress of the growing polyketide chain represents a fundamental challenge in assembly line enzymology. Using both experimental and computational approaches, the molecular basis for KS-ACP interactions in the 6-deoxyerythronolide B synthase has been decoded. Surprisingly, KS-ACP recognition is controlled at different interfaces during chain elongation versus chain transfer. In fact, chain elongation is controlled at a docking site remote from the catalytic center. Not only do our findings reveal a new principle in the modular control of polyketide antibiotic biosynthesis, they also provide a rationale for the mandatory homodimeric structure of polyketide synthases, in contrast to the monomeric nonribosomal peptide synthetases.
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assembly line enzymes | polyketide synthase | protein-protein interactions M odular polyketide synthases such as 6-deoxyerythronolide B synthase (DEBS) are assembly lines of catalytic modules responsible for the biosynthesis of polyketide natural products (1) (2) (3) (4) (5) (6) . A fundamental challenge toward elucidating their molecular logic is to understand the mechanism by which covalently bound biosynthetic intermediates are sequentially accessed by individual catalytic sites of the synthase. Most notably, each module of a polyketide synthase (PKS) has an acyl carrier protein (ACP) domain that collaborates with the β-ketosynthase (KS) domain of the same module to catalyze polyketide chain elongation, and subsequently engages with the KS domain of the next module to facilitate forward chain transfer (Fig. 1) . The simplest explanation for the orderly progress of a growing polyketide chain along a multimodular PKS is that each ACP is equivalently recognized by both KS partners, and that selection of the appropriate KS-ACP pair at a given point in the catalytic cycle is solely dictated by the identity of the substrate anchored on the ACP. (In the chain elongation reaction, a nucleophilic malonyl extender unit is attached to the ACP, whereas the growing polyketide chain itself is attached to the ACP via an electrophilic thioester linkage when it is ready for forward transfer.) Previous studies, however, suggest that protein-protein recognition between the KS and the ACP domains also plays an important role in both reactions (7) (8) (9) (10) . Moreover, this protein-protein recognition not only influences the specificity (k cat ∕K M ) of each reaction, but also the maximum rate constant (k cat ).
In the course of our efforts to elucidate the principles that govern KS-ACP recognition during chain elongation and chain transfer, we have made two unexpected and potentially important observations. First, notwithstanding the fact that the same active sites are deployed in both reactions, the structural elements that mediate KS-ACP recognition are entirely different in the two types of encounters. Second, the specificity of chain elongation is not controlled at the interface between the reactive KS-ACP pair. Rather, it is primarily dictated by interactions between the ACP and the subunit of the homodimeric module that is not involved in this catalytic event. Thus, a functional rationale has emerged for the universally conserved homodimeric architecture of PKS modules.
Results and Discussion
Site-Directed Mutagenesis of Helix II of the ACP. Numerous studies have focused on the protein recognition features of the ACP domains in fatty acid synthases and polyketide synthases (PKSs) (11) (12) (13) (14) (15) (16) (17) (18) . For example, helix II of the ACP was identified as the determinant of specificity between an ACP domain of DEBS and phosphopantetheinyl transferases that prime the ACP with a pantetheinyl "swinging arm" (13) . Based on an analysis of the electrostatic features of the ACP domains of DEBS, helix II was also identified as potentially important in KS-ACP interactions ( Fig. 2A) (19) . Specifically, it was proposed that several charged residues on helix II might enable ACP3 and ACP6 to differentiate between their partner KS domains. Site-directed mutagenesis, however, failed to provide support for this model. Several single AT is acylated with a CoA derived methylmalonyl extender unit (2), which is transferred to the downstream ACP (black and white) (3) and a decarboxylative condensation takes place in the active site of KS (4). The ACP tethered extended polyketide chain is processed by the tailoring domains (for example KR, process not shown) and subsequently transferred to the downstream KS domain as in (1) . The phosphopantetheine prosthetic group of the ACP is drawn as a wavy line. Interprotein linkers that are known to facilitate intermodular chain transfer are shown as matching solid tabs (black). KS, β-ketosynthase; AT, acyltransferase; ACP, acyl carrier protein; KR, ketoreductase.
or double mutants of the charged residues on helix II of the ACP3 (K62N, R63Q, R71A, K62N/R71A, and R63Q/R71A) were prepared and analyzed. All mutants displayed identical specificity for KS3 over KS6 as wild-type ACP3 (Fig. S1 ). We therefore turned to the construction and analysis of chimeric ACPs to elucidate the molecular basis for orthogonal recognition within individual DEBS KS3-ACP3 and KS6-ACP6 pairs during polyketide chain elongation (9) . (Fig. 2 ). An initial set of 8 chimeras of ACP3 and ACP6 were prepared at each of these junctions (AYC67-AYC70, SHIV25 and AYC72-AYC74, Fig. 3 A and B) . For steric reasons, an additional H26A mutation was also engineered into all chimeras (e.g., SHIV25) harboring both helix I from ACP6 and loop I from ACP3 (SI Appendix). (Fig. S2A) . These structurally characterized truncated modules included KS and AT domains together with both flanking and intervening linker sequences but lacked the KR and ACP domains of the parent DEBS modules (9, 10, 20) . Although this assay involves several elementary steps (for details, see Fig. S2 ), earlier studies have established that, under our assay conditions, KS-ACP catalyzed chain elongation (i.e., the docking of the methylmalonyl-charged ACP to the KS followed by C-C bond formation) is rate-limiting (1, 9, 21 ). This assumption is also supported by KS-ACP crosslinking experiments, in which the extent of cross-linking (a direct measure of interaction between these two domains) correlates with chain elongation specificity (22) . A representative example of the assay is shown in Fig. 2D with SHIV25, demonstrating the ability of the chimera to support higher levels of chain elongation activity with in combination with KS3 relative to KS6, with a strong preference for KS3. Although these results established that L I is the principal determinant of intramodular KS-ACP recognition, chimeric ACP proteins in which this loop region was exchanged (AYC68, AYC72, SHIV22, and AYC79) exhibited poorer activity relative to both wild-type ACP domains or even chimeras that harbored a contiguous L I -H II fragment. To identify possible causes for this deficiency, homology models of ACP3 and ACP6 were generated (23, 24) based on their high sequence identity (48-49%) to structurally characterized ACP2 (19) . Examination of these models identified a triad of hydrophobic residues at the L I -H II junction (F47, L50 and L52 in ACP3, and F47, L50 and F52 in ACP6) that adopted significantly different conformations in the two proteins notwithstanding their sequence similarity. These residues were predicted to pack against each other in the core of the ACP near the Ser residue that serves as the attachment site of the phosphopantetheine arm (Fig. S3) . We therefore hypothesized that a structurally perturbed L I -H II junction could account for the observed attenuation in activity of chimeras with exchanged L I regions. Consistent with this hypothesis, SHIV24, an AYC79-derived chimera in which the fusion junction was moved into the first turn of H II , showed increased activity with [KS6][AT6] (Fig. 3E )*. Importantly, SHIV29, the complementary chimera of SHIV24, was even more similar to wild-type ACP3 in its preference for KS3 over KS6 than was SHIV22 (Fig. 3F) .
A final chimera, SHIV20 was constructed and analyzed to define precisely the relevant region of L I that determines ACP recognition during chain elongation. In this recombinant ACP domain, the H I -L I junction was shifted into L I (Fig. S4) . SHIV20, which lacked the first five residues of L I from ACP3, was comparable to SHIV22 harboring full length L I . This suggests that the first few residues of L I play a marginal role, if any, in controlling chain elongation. In summary, through a series of experiments summarized in Fig. 3 , we were able to map to loop I of the ACP domain the principal determinants of KS-ACP recognition during polyketide chain elongation.
Molecular Basis for KS-ACP Recognition in Chain Elongation. To gain further insight into the molecular basis for this striking molecular recognition, we have used the automated PatchDock (26, 27) and FireDock programs (28, 29) Fig. 4 , accounts for all experimental data on mutual ACP-KS recognition reported both here and earlier (9) . According to this model, the ACP domain from monomer A of the homodimer (ACP A ) is docked in a deep cleft defined by the KS A domain, the KS A -AT A linker, and the AT A domain. Although ACP A participates in polyketide chain elongation in collaboration with KS B (30), both H II and most of L I of ACP A are tilted away from the KS B -ACP A interface. Instead, ACP A interacts with the parent ½KS A ½AT A subunit at two principal sites on the corresponding KS A -AT A linker, referred to as regions I and II (Fig. 4 and Fig. S5) . Furthermore, the model predicts that regions I and II of the KS A -AT A linker interact with residues 44 and 45, respectively, in the L I loop of the ACP A domain. To test this model we constructed the R1420A/R1421A double mutant of DEBS module 3 (corresponding to R44A/R45A in the stand-alone ACP3 domain). As expected, the mutant showed a marked reduction in its ability to support chain elongation relative to wild-type module 3 (a 90% reduction in chain elongation activity; Fig. S6 ).
Examination of electrostatic potential maps for the corresponding regions of DEBS modules 3, 4 and 6 also revealed electrostatic complementarity in all cases between regions I and II and residues 44 and 45 in loop I of the corresponding ACP domain (Fig. 4 and Fig. S5 ). Importantly, these docking models also revealed a conserved hydrophobic patch near the entrance of the KS active site that could interact (<5 Å) with a hydrophobic residue on helix II of the ACP located one turn downstream from the active site phosphopantetheinyl-bearing serine (Fig. S7) . This observation too is consistent with our experimental data, summarized above. The above model for interaction of the ACP domain with a core PKS module also provides a rationale for the universally conserved homodimeric architecture of a PKS module. Specifically, it predicts that catalysis of C-C bond formation is decoupled from recognition and proper matching of the correct KS and ACP partners that participate in this catalytic event. Whereas KS-catalyzed polyketide chain elongation requires access to the buried KS active site by the ACP-bound methylmalonyl moiety belonging to the paired subunit of the homodimer, proper KS-ACP recognition is dictated by interactions between the ACP domain and two specific regions located on the structured KS-AT linker within the same polyketide synthase subunit. Although KS domains are dimeric in both Type I and Type II PKSs, in the latter the KS exists as a discrete protein without a covalently attached KS-AT linker or AT domain. This suggests that the mode of KS-ACP recognition is different in these two systems and adds to a growing body of evidence suggesting important mechanistic differences between type I and II systems (31) .
ACP Epitopes for Polyketide Chain Elongation and Transfer Are Distinct. Having clearly defined the ACP epitope that controls polyketide chain elongation, we also wished to determine whether this same region also plays a role in controlling intermodular chain transfer, a distinct reaction in the overall catalytic cycle that involves correct pairing of ACP n and downstream KS nþ1 partners. Previous studies examining chain transfer between DEBS modules 2 and 3, or alternatively between modules 4 and 5, revealed orthogonal KS-ACP specificity at these two intermodular junctions (8) . We therefore asked whether intermodular chain transfer is also controlled by the same ACP epitope identified above that is responsible for the correct intramodular recognition in KS-catalyzed polyketide chain elongation.
In earlier work, we developed a kinetic assay for the backtransfer of a diketide chain from a KS domain to an ACP domain (Fig. S2B) , representing the microscopic reverse of the normal intermodular vectorial chain transfer reaction (7). We have now used this assay to measure the rate of back chain transfer from [KS3][AT3] to selected chimeras derived from ACP2 and ACP4 (Fig. 5) . Surprisingly, the protein-protein interactions that control intermodular chain transfer could be localized to the first ten residues of the N-terminal helix (helix I) of ACP2 (compare SHIV64 to NW6) † . Thus, even though intermodular chain transfer and intramodular chain elongation both involve partnerships between the same KS active site and the electrophilic or nucleophilic pantetheinyl-bound substrate attached to two distinct but homologous ACP domains, the specific domain-domain interfaces that control these distinct biochemical reactions in the overall catalytic cycle are completely different (Fig. 6 ). It must be emphasized here that this difference is not simply manifest in the individual Michaelis constants (K M ) of the two reactions, but is also reflected in the first-order rate constants (k cat ) for the reactions between alternative KS and ACP pairs (7, 8) . The detailed mechanism by which selective protein-protein interactions at domain surfaces influence the magnitude of transition state barriers for reactions occurring deep within the KS active site remains unknown.
Conclusions and Summary. In summary, combined experimental and computational analysis of selected DEBS modules demonstrates that pairwise KS-ACP recognition during intramodular polyketide chain elongation and intermodular polyketide chain transfer is controlled by distinct molecular recognition features, each of which appears to be highly conserved within the wider family of multimodular PKSs. These findings also underscore the occurrence of large-scale dynamic changes in these enzymatic assembly lines (18, (32) (33) (34) (35) . They also reveal an entirely unique principle in the modular control of polyketide antibiotic biosynthesis that is conceptually analogous but topologically unrelated to the protein-protein docking interactions that dictate DEBS1-DEBS2 and DEBS2-DEBS3 specificity (36) . Specifically, our results indicate that not only are PKSs modular in that they are made up of domains of different structure and function, but the domains themselves have an intrinsically modular architecture in that they are made up of subdomains that have distinct roles in mediating interdomain interactions. This unique insight can be utilized to rationally engineer kinetically competent hybrid PKSs. Last but not least, we have also uncovered a clear functional rationale for the homodimeric architecture of multimodular PKSs. Parenthetically, we note that the reaction whose specificity depends on the dimeric architecture, C-C bond formation, lacks a counterpart in nonribosomal synthetases (NRPSs). In the latter family of assembly line proteins, peptide chain elongation and peptide transfer occur across an intermodular junction by a reaction that is equivalent to the intermodular chain transfer process in a PKS. Perhaps this explains why PKSs have evolved as homodimeric assemblies whereas the related NRPSs are monomers (37). 5 . Evaluation of chimeric ACP proteins in an assay for intermodular transfer of a growing polyketide chain. Chimeras of ACP2 and ACP4 were tested for their ability to accept a growing polyketide chain from KS3, the microscopic reverse of the normal intermodular chain transfer event, which is specific for ACP2 (8) . The color scheme is: red ¼ ACP2 derived, green ¼ ACP4 derived. The rate of chain transfer for each chimera is normalized to corresponding value for the wild-type ACP2. "L2" refers to the C-terminal sequence of ACP2 that docks onto an N-terminal coiled-coil on module 3, and is essential for efficient intermodular chain transfer (35) . The junctions utilized for constructing chimeras of ACP2 and ACP4 are defined in Fig. S8 . Fusion sites distinct from the ones indicated by black arrows in Fig. S8 are color coded, and are defined by residue number consistent with the numbering in Fig. S8 . Fig. 6 . Distinct interfaces mediate protein-protein interactions. Chain elongation (orange with residues 44 and 45 shown in red) and chain transfer (blue) epitopes lie on entirely different faces of the ACP domain. † We were unable to obtain a soluble chimera in which H III from ACP2 is swapped into an ACP4 scaffold and therefore cannot rule out its involvement.
Materials and Methods
Cloning, Expression, and Purification of Constructs. All constructs were cloned, expressed and purified using standard techniques or those published previously. A description of the procedures used is included in the SI Appendix. Oligonucleotide sequences used for the construction of chimeric ACPs and ACP mutants are included in Tables S1-S3 and Table S4 , respectively. Circular dichroism spectra of a representative set of ACPs utilized in the chain elongation assay and the chain transfer assay are shown in Fig. S9 and Molecular Docking Simulations and Electrostatic Potential Maps. Docking simulations were carried out by using the PatchDock server (26, 27 [AT5] didomain was used because it is the most complete high resolution structure from a type I PKS fragment solved to date (20) . In contrast the [KS3][AT3] didomain crystal structure (38) lacks the N-terminal docking domain and has an irreversible inhibitor bound at the active site of the KS domain. The apo form of the ACP was used because it has been shown that for type I systems apo-, holo-, and acyl-ACPs are conformationally similar (31, 39 ). An additional distance constraint was applied such that the conserved serine on the ACP domain was between 12-25 Å of the active site cysteine of the KS domain to satisfy the constraint imposed by the length of the phosphopantetheine arm and search the KS surface more efficiently. The top 100 docking models identified by PatchDock were manually screened by utilizing the experimentally determined definition of the chain elongation epitope and 10 models were thus selected. All models had a remarkably similar ACP docking orientation as described in the text above. These 10 models were submitted to the FireDock server (28, 29 ) for structure refinement with the following parameters: Refinement type: full, atomic radius scale: 0.85, receptor and ligand residues were both unbound. Examination of the refined models consistently identified two sets of interacting sites between the loop I region of the ACP domain and the [KS] [AT] didomain-residue 44 of ACP A with region I and residue 45 of ACP A with region II (Fig. 4 and Fig. S5, for [KS5] [AT5] both regions lie on the KS A -AT A linker). A representative model (of 3 total that could be identified) that showed both sets of specific interactions is shown in Fig. 4 .
Surface electrostatic potential maps were generated by using the APBS program (40) . PDB2PQR (41, 42) was utilized to generate the input files for the APBS program utilizing the PARSE force field, and PROPKA program (43) were generated by using the I-TASSER server (23, 24) .
